Context: In adults, noninvasive follicular variant of papillary thyroid carcinoma (FVPTC) is considered a low risk for metastasis and persistent/recurrent disease.
T he incidence of thyroid nodules and thyroid cancer in pediatric patients has increased over the last several decades (1) (2) (3) (4) . Differentiated thyroid carcinoma (DTC) is now the second-most common malignancy in 15-to 19-year-old females (3) . Papillary thyroid carcinoma (PTC) accounts for at least 90% of all childhood cases of DTC (5) (6) (7) (8) . Despite higher rates of multifocality and metastasis at diagnosis than in adults, pediatric patients respond more rapidly to therapy and demonstrate excellent prognosis (9) .
In 2015, the American Thyroid Association (ATA) published inaugural guidelines for children with thyroid nodules and DTC. These guidelines emphasize the need for accurate and complete preoperative evaluation as well as stratification of medical and surgical care in an effort to reduce complications while maintaining excellent prognosis. Within this context, pediatric patients are stratified into postsurgical risk levels addressing the potential need for radioiodine treatment based on the American Joint Commission on Cancer (AJCC) tumor node metastasis classification system (8) .
However, these pediatric guidelines do not provide stratification for surgical management, recommending total thyroidectomy as the favored surgical approach for nearly all pediatric patients with PTC. This recommendation was based on previous data showing that more extensive surgery was associated with a lower risk of recurrence (10) (11) (12) . However, these studies were limited by small numbers of patients who underwent lobectomy, as complete removal of the thyroid has been the accepted standard of care for pediatric PTC. For example, one retrospective review of 215 patients showed that compared with lobectomy, total thyroidectomy decreased the incidence of local recurrence from 35% to 6% after a median surveillance of 29 years; 25 patients in this study underwent lobectomy (13) . In contrast to the pediatric guidelines, the 2015 ATA adult guidelines suggest consideration of lobectomy as the initial treatment of patients with PTC variants with low-risk features, including tumor size ,4 cm; no clinical evidence of lymph node metastases; and no evidence of extrathyroidal extension (ETE) (14) .
In the adult population, noninvasive subtypes of follicular variant of PTC (FVPTC) present with a lower risk of aggressive histopathologic characteristics and metastasis (locoregional and distant) (15) . These tumors are most frequently divided into two groups according to the presence or absence of a tumor capsule, with noninvasive encapsulated FVPTC (E-FVPTC) displaying significantly lower rates of cervical neck lymph node metastases and recurrence than invasive FVPTC (16) (17) (18) . Additional data suggest that the degree of vascular and/or capsular invasion is more predictive of FVPTC progression than encapsulation status alone and that individualization of treatment on the basis of invasion is a more effective approach to stratification of care (19) (20) (21) . This is highlighted by one case series in which five patients with E-FVPTC and extensive vascular invasion had distant bone metastases (22) .
Data to guide the best approach to surgical treatment of pediatric patients with PTC are limited, particularly for lower-risk variants including FVPTC. The primary aim of this study was to assess the clinical, sonographic, and histopathologic features of FVPTC in a pediatric cohort.
Materials and Methods

Patients
A retrospective medical record review was performed using our institutional database of 110 children aged 0 to 19 years with PTC who were evaluated at the Children's Hospital of Philadelphia (CHOP) for DTC between January 2010 and July 2015. Cases were selected for complete medical record, ultrasonography (US), and histopathology review when the surgical pathology report indicated FVPTC architecture within the primary tumor. Patients were divided into two groups on the basis of histologic findings of unilateral vs bilateral disease after total or completion thyroidectomy.
Methods
Data extracted from the medical record included demographic information, medical history, fine-needle aspiration (FNA) biopsy findings, US and surgical pathology findings, and treatment history. FNA results were categorized using the Bethesda classification (23) .
Preoperative US images were retrospectively reviewed by one radiologist (J.E.L.) with expertise in thyroid US. The number of nodules, the location of each nodule, and the presence of unilateral vs bilateral nodules were recorded. US images were assessed for the following characteristics according to categories established by the American College of Radiology Thyroid Imaging, Reporting, and Data System: (1) composition (cystic, spongiform, mixed cystic and solid, or solid); (2) echogenicity (anechoic, hypoechoic or isoechoic, hypoechoic, or very hypoechoic); (3) shape on transverse imaging (wider-than-tall or taller-thanwide); (4) margin (smooth, ill-defined, lobulated or irregular, or extrathyroidal extension); and (5) echogenic foci (none or large comet-tail artifacts, macrocalcifications, peripheral calcifications, or punctate echogenic foci) (24) . When lateral neck US was performed, lymph nodes were assessed for abnormality, including (1) shape; (2) presence or absence of echogenic foci; (3) composition; and (4) blood flow (hilar/central vs peripheral) on Doppler imaging (25) .
Histopathology review was performed by four pathologists, two with particular expertise in thyroid neoplasia (V.A.L. and Z.B.) and two with advanced training in pediatric pathology (L.F.S. and T.B.), to confirm the diagnosis, extent of disease, and tumor characteristics. Each specimen was reviewed by all four pathologists. Thyroid carcinomas were classified according to the World Health Organization's published recommendations, with modifications based on recent literature (26) (27) (28) . FVPTC was defined as a tumor $1 cm in the largest dimension with predominant follicular growth, complete lack of well-formed papillae, and nuclear features of PTC. Nuclear features of PTC included (1) crowding/overlapping, (2) elongation, (3) irregular contour, (4) grooves, (5) pseudo inclusion, and (6) chromatin clearing. Histology for each FVPTC was described as uniform (only follicular architecture) or mixed (containing a solid component ,50% of overall cellularity). For this study, all tumors measuring ,1 cm were excluded from the case cohort.
The size of the carcinoma was determined by its largest dimension on the basis of review of the gross pathology for large nodules ($1 cm) and direct microscopic measurements on the slides for small nodules (,1 cm). Encapsulation was described as present or absent and when present was further characterized as complete or partial. Of those cases with complete encapsulation, capsule invasion was defined as none, partial (spreads into but not through the capsule), or complete (capsule transgression). When vascular invasion was present, the number of vessels involved was recorded. When mitotic activity was present, it was classified as low or high ($3 mitoses/4003 power field). When lymph nodes were sampled during surgery, they were histologically examined and recorded for metastatic disease.
Patients were evaluated for evidence of persistent disease 4 to 6 weeks after surgery using thyroid hormone withdrawalstimulated thyroglobulin (Tg) and a 123 I diagnostic whole-body scan. Radioiodine treatment with I-131 was administered using common empiric adult radioactive iodine (RAI) ablation activities (uptake limited to the thyroid bed, 30 to 100 mCi; presence of neck or distant metastasis, 100 to 150 mCi), scaled down according to the pediatric patient's weight using the following formula: pediatric dose = adult dose 3 patient's body weight (kg)/70 kg (8) . Seventeen of 18 patients underwent postoperative evaluation for persistent disease, and 14 patients received RAI therapy (range, 45 to 128 mCi; median, 81 mCi). All patients who received RAI had a post-RAI whole-body scan 5 days after therapy.
Patients subsequently received thyrotropin (TSH)-suppressive doses (TSH target of ,0.1 mIU/L) of L-thyroxine. Follow-up included physical examination, testing of thyroid function and determination of levels of serum Tg and Tg antibodies while receiving TSH-suppressive therapy, and radiologic imaging (neck US for all, with the addition of a noncontrast chest computed tomography 6 months after initial treatment. The frequency of laboratory and radiologic surveillance was decreased to every 6 and 12 months, respectively, when the surveillance data were consistent with remission, defined as a TSH-suppressed Tg value below the level of detection of the assay (biochemical remission) and no evidence of persistent disease on radiologic imaging (anatomic remission) (8) . A TSHstimulated Tg level and RAI whole-body scan was pursued for any patient with an increasing trend in TSH-suppressed Tg value or a single Tg value .10 ng/mL and negative results on neck US and chest computed tomography.
Risk levels for persistent postsurgical disease were determined on the basis of the 2015 pediatric ATA guidelines (8) . This classification system utilizes the AJCC 7th edition tumor node metastasis classification system, specifically regional lymph node and distant metastasis staging, to categorize pediatric patients into one of three risk groups: low, intermediate, and high. Pediatric ATA low-risk criteria include (1) disease grossly confined to the thyroid with (2) N0 (no positive lymph nodes after central neck dissection), Nx (no central neck dissection performed), or incidental microscopic metastasis to the central neck (N1a) lymph nodes (29) .
Study data were collected and managed using the REDCap electronic data capture tools hosted at CHOP (30) . Standard descriptive summaries such as mean 6 standard deviation or median (range) were used as appropriate for baseline demographic information and core retrospective data. This study was approved by the CHOP institutional review board.
Results
Patient demographic and treatment characteristics
Thirty-one cases for which the pathology report indicated follicular variant architecture within the primary tumor were reviewed. After additional histopathology review, 13 patients did not meet the criteria for FVPTC and were excluded from the analysis: three had tumors ,1.0 cm, seven had components of classic PTC with papillae, and three had mixed histology with predominant (.50%) solid PTC architecture (Fig. 1) . Patients with FVPTC were divided into two groups according to histologic findings of unilateral (13 of 18; 72%) vs bilateral (five of 18; 28%) disease.
The median (range) age at the time of initial surgery was 14 years (range, 10 to 18 years) for the 18 patients (12 female, 67%) with confirmed histologic diagnosis of FVPTC. Patient demographics and treatment characteristics are shown in Table 1 . All patients underwent total thyroidectomy (13 of 18; 72%) or lobectomy followed by completion thyroidectomy (five of 18; 28%). Most patients (17 of 18; 94%) had their initial surgery at CHOP, where two surgeons (K.K. and N.S.A.) performed all surgeries.
RAI was administered to all but two patients (16 of 18; 89%) after surgery. Two patients who had undetectable postsurgical TSH-stimulated Tg levels and negative RAI diagnostic whole-body scans did not receive RAI. 
Presurgical characteristics
Presurgical characteristics for the total cohort and for those with unilateral vs bilateral histologic disease are shown in Table 2 . Three patients (17%) had a predisposing risk factor for thyroid cancer: One patient had a history of phosphatase and tensin homolog hamartoma tumor syndrome, and two patients had a history of malignancy and radiation exposure. Preoperative US images were available for review for most patients (15 of 18; 83%), and US reports from the medical records were reviewed for the remaining three patients. Most patients (12 of 18; 67%) had unilateral nodules on preoperative US. Both patients with a history of malignancy had bilateral nodules noted on US and subsequent bilateral findings of papillary thyroid microcarcinoma (PTMC) on histology. Two patients with bilateral nodules on presurgical US were ultimately diagnosed with benign nodules in the contralateral lobe; one of these patients had phosphatase and tensin homolog hamartoma tumor syndrome, and the other had benign cytology on FNA in the contralateral lobe before surgery. Preoperative US at our institution did not identify bilateral nodules in two patients who were incidentally found to have bilateral disease after surgical resection; both of these patients had bilateral multifocal PTMC.
At US, the majority of nodules had solid or almost completely solid composition (13 of 15; 87%), hyperechoic or isoechoic echogenicity (11 of 15; 73%), widerthan-tall shape on transverse imaging (15 of 15; 100%), and no echogenic foci (10 of 15; 67%). ETE and abnormal lymph nodes were not noted during review of US images or reports for any patients in the cohort.
FNA results were available for 16 of 18 patients for whom FNA was completed before surgery. FNA for most patients (13 of 16; 81%) was reported in the indeterminate categories of the Bethesda Classification System for Reporting Thyroid Cytopathology, either atypia or follicular lesion of undetermined significance (AUS/ FLUS; three of 16; 19%) or follicular neoplasm (FN; 10 of 16; 81%). Three patients (three of 16; 19%) had FNA results suspicious for malignancy, and none were classified as malignant. Nine of the 13 patients with indeterminate cytology (AUS/FLUS or FN) underwent total thyroidectomy as initial surgery because of additional US features of bilateral nodules or the presence of diffuse Hashimoto thyroiditis.
Postsurgical characteristics
Postsurgical characteristics for the total cohort and for those with unilateral vs bilateral disease on final histopathology review are shown in Table 3 . Most patients had tumors ,4 cm in the largest dimension (median, 2.3 cm; range, 1.1 to 4.5 cm) and were therefore classified as T1a (one of 18; 6%), T1b (seven of 18; 39%), or T2 (eight of 18; 44%). Two patients were classified as T3, one on the basis of size .4 cm and one on the basis of histopathologic evidence of microscopic ETE (per AJCC 7th edition criteria). A majority of patients underwent central neck lymph node resection (13 of 18; 72%), with a median of four lymph nodes (range, one to nine lymph nodes) removed to confirm N0. Lymph node metastases (N1a or N1b) were absent in all patients in our cohort who underwent central neck lymph node resection. However, one patient who had not undergone central neck lymph node dissection (Nx) had evidence of a mediastinal lymph node and distant pulmonary metastases (M1) on postoperative radioiodine whole-body scan. This patient, who had no predisposing risk factors, had bilateral angioinvasive FVPTC as well as multifocal PTMC.
Visual depiction of representative histopathology characteristics from our patient cohort is shown in Fig. 2 . None of the patients with unilateral disease had multifocal disease in the ipsilateral lobe on histopathologic review. Uniform histology was seen in most patients with both unilateral disease (10 of 13; 76%) and bilateral disease (four of five; 80%). The mixed histology cases were characterized by a follicular pattern with a solid component comprising ,50% of tumor cellularity. All tumors exhibited low or no mitotic activity. Most patients had completely encapsulated (14 of 18; 78%) or partially encapsulated (two of 18; 11%) FVPTC. For those with complete encapsulation, capsule invasion was seen frequently (nine of 14; 64%), and vascular invasion was found in one-third of patients (six of 18; 33%). For two of these patients, vascular invasion was described as extensive (more than four vessels involved). Two of the six patients (33%) with vascular invasion had multifocal bilateral disease (PTMC), one with three vessels involved and the other with five vessels involved. One of these patients (described previously) had mediastinal lymph node and pulmonary metastases (M1). The other patient had evidence of ETE. Others with vascular invasion (four of six; 67%) ultimately had unifocal disease with no evidence of ETE or metastases. Two patients, both of whom had vascular invasion, met criteria for pediatric ATA intermediate or high risk-one with pulmonary metastases (M1) and the other because of the presence of minimal ETE on histology, though there was no evidence of lymph node or distant metastases in the latter patient. All other patients (16 of 18; 89%) were classified as pediatric ATA low risk.
Follow-up
Sixteen patients (16 of 18; 89%) achieved both biochemical and anatomic remission, and all had continued evidence of remission after a median follow-up of 4.5 years (range, 1.5 to 6.6 years). Two of 18 patients (11%) achieved anatomic remission, but definitive biochemical remission was not achieved because of the presence of detectable Tg along with low-titer but stable antithyroglobulin antibodies.
Discussion
In keeping with current pediatric guidelines and historical standard of care, all 18 patients with FVPTC in our case cohort underwent total or completion thyroidectomy (8). Most patients had solitary, unilateral FVPTC with complete or partial encapsulation and no evidence of ETE or vascular invasion. None of the 13 patients who underwent prophylactic central neck lymph node dissection had lymph node metastases. One patient (6%) who had PTMC on pathology and persistent cervical lymph node disease on radioiodine whole-body scan had distant (pulmonary) metastases. On review, this patient's tumor was characterized as mixed histology including focal solid PTC, multifocal capsular invasion, and vascular invasion. Overall, these findings are consistent with adult data showing low risk of invasive disease and metastases in patients with E-FVPTC (17, 31, 32) . According to recent literature in the adult population, tumors classified as E-FVPTC without capsular or vascular invasion may be reclassified as "noninvasive follicular thyroid neoplasm with papillary-like nuclear features" when they meet strict histologic criteria (27, 33) . This change in terminology, which aims to remove the designation of "carcinoma" from this noninvasive neoplasm, has not been validated in a pediatric population. If we apply the same strict criteria to our cohort of patients, two of 18 (11%) tumors would have met the criteria for reclassification to noninvasive follicular thyroid neoplasm with papillary-like nuclear features instead of FVPTC (Fig. 3) .
As with histologic and postoperative findings, our data from preoperative evaluation (US and FNA results) are generally consistent with those from adult studies of FVPTC. Previous studies in adults showed that FVPTC with ovoid to round shape, a smooth margin (anechoic or hypoechoic rim), and isoechoic echogenicity without evidence of ETE or lymph node metastasis is more likely to display indolent behavior (34) . With the exception of margin, for which 40% of patients in our cohort demonstrated a smooth margin, the remaining US features in our cohort-including hyperechoic or isoechoic echogenicity, wider-than-tall shape, and absence of echogenic foci-were typical of adult FVPTC (35) . In addition, none of our patients had abnormal cervical lymph nodes or evidence of ETE on US review. In general, FNA has not been reliable in identifying the subgroup of patients with FVPTC with invasion, as a major proportion of FVPTCs had indeterminate (AUS/FLUS or FN) cytology in the Bethesda classification system (35). Our experience was similar to that in previous reports, with 81% of tumors that underwent FNA being classified as either AUS/FLUS or FN.
On the basis of this limited case cohort, we suggest that surgical lobectomy could be considered in pediatric patients with thyroid nodules and the following criteria: (1) no history of radiation or familial tumor predisposition syndrome and (2) preoperative US showing a unifocal nodule with no evidence of gross ETE or lymph node metastases. After lobectomy, active surveillance rather than completion thyroidectomy may then be considered for patients with FVPTC meeting the following criteria: (1) ATA pediatric low risk (N0 or incidental microscopic N1a if a central neck lymph node dissection was performed); (2) unifocal disease; (3) complete or near-complete encapsulation; (4) absence of high mitotic activity; (5) no vascular invasion; (6) no capsular invasion; and (7) no ETE. Applying this suggested approach to the patients in this study would not have missed any cases of bilateral disease or metastases. This approach would also be consistent with care for adult patients for whom noninvasive, E-FVPTC is treated similarly to minimally invasive follicular thyroid carcinoma (17, 36, 37) . Future prospective studies are needed to assess whether lobectomy with active surveillance rather than total thyroidectomy is sufficient to achieve remission in pediatric patients with FVPTC with low risk features.
Although our study was among the largest studies of pediatric FVPTC reported, it is limited by a small sample size of 18 patients. However, our rationale for the previously suggested algorithm is strengthened by two recent single-center studies. A retrospective review of 62 patients with pediatric DTC confirmed overall excellent prognosis after a median of 5 years' follow-up and noted that all five patients in the sample with E-FVPTC lacking vascular invasion remained in remission; two of these patients had been treated with partial thyroidectomy (38) . Another retrospective analysis defined a set of "very low-risk" histopathologic criteria for pediatric PTC (39) . Although this study did not limit the review to FVPTC cases, it included nine patients with FVPTC found to have lowrisk features similar to those in our cohort.
The addition of molecular genotyping may provide additional information to stratify the surgical approach in patients with thyroid tumors that appear to have lowinvasive potential on the basis of preoperative US imaging (40). In adult patients with FVPTC, the presence of a RAS or THADA mutation or a PPARG fusion correlates with E-FVPTC and lower invasive potential, whereas a BRAF mutation or RET-PTC fusion is associated with infiltrative FVPTC (27, 41) . To date, similar data exploring the genotype-phenotype correlation in pediatric patients with FVPTC has not been published. This information may be useful in continuing efforts to stratify surgical management and help accurately guide clinical decision making for lobectomy vs completion/total thyroidectomy in pediatric patients with FVPTC.
In summary, our findings suggest that a selected subset of pediatric patients with FVPTC may be considered for lobectomy with surveillance rather than total thyroidectomy. As with recent efforts to limit RAI to pediatric patients with higher-risk PTC, stratification of surgical management may help decrease overly aggressive treatment of patients with indolent DTC. In particular, the associated risks of thyroidectomy, including recurrent laryngeal nerve palsy, hypoparathyroidism, and need for lifelong thyroid hormone replacement, would be eliminated or minimized in patients undergoing lobectomy. Future multicenter studies are needed to determine whether lobectomy suffices to achieve remission in this low-risk subset of pediatric patients diagnosed with FVPTC. 
